Parametric Finite Element Analysis (FEA) modelling is a powerful design tool often used for offshore wind. It is so effective because key design parameters (KDPs) can be modified directly within the python code, to assess their effect on the structure's integrity, saving time and resources. A parametric FEA model of offshore wind turbine (OWT) support structures (consisting of monopile (MP), soil-structure interaction, transition piece (TP), grouted connection (GC) and tower) has been developed and validated. Furthermore, the different KDPs that impact on the design and scaling-up of OWT support structures were identified. The aim of the analyses is determining how different geometry variations will affect the structural integrity of the unit and if these could contribute to the turbine's scale-up by either modifying the structure's modal properties, improving its structural integrity, or reducing capital expenditure (CAPEX). To do so, three design cases, assessing different KDPs, have been developed and presented. Case A investigated how the TP's and GC's length influences the structural integrity. Case B evaluated the effect of size and number of stoppers in the TP, keeping a constant volume of steel; and Case C assessed the structure's response to scour development. It is expected that this paper will provide useful information in the conceptual design and scale-up of OWT support structures, helping in the understanding of how KDPs can affect not only the structure's health, but also its CAPEX.
Introduction
In 2007 the European Union set particular and challenging goals to all Member States, establishing that by 2020 the UK must produce 15% of its energy consumption from renewable energy sources. Wind energy is probably the most promising technology contributing to decarbonisation within the UK; in fact, its growth over the last decade confirms this. According to Renewable UK [1] , 1.4 GW were installed offshore in 2015 in the UK, making the total Wind Energy capacity 13.3 GW. In other words, wind energy alone provides more renewable electricity than all other sources combined.
According to [2] offshore wind (OW) deployment could reach 20-55 GW by 2050. Nowadays and for the next few years mature fixed-bottom technology will dominate, exploiting shallow and close-shore sites, which can be installed at low cost. Beyond 20 GW, fixed-bottom turbines will be forced to move further from shore to access suitably shallow waters, creating numerous challenges. Floating wind (FW) would mitigate some of these challenges, making deep water sites close to shore suitable. In fact, a contribution between 8 and 16 GW of floating is expected if the 40GW of offshore wind deployment is generation influences the reliability of electric power grids. Thus, there is a demand for new technical units providing ancillary services. Non-dispatchable renewable energy sources can be balanced by energy storage devices [14] . Despite near future levels of curtailment and intermittency, will not exclusively refinance additional storage but can aid reducing offshore connection charges representing around 20% of total CAPEX costs [15] . The design and control of OWTs require in-depth analysis in order to ascertain their energy capabilities and operation boundaries.
Today, as offshore wind is considered to be a relatively mature technology, operators are progressively feeling more comfortable with it and are willing to balance structural risks with a CAPEX reduction. The use of design methods and standards, and their combination with high fidelity FEA modelling, is considered a powerful and cost effective tool in the design of offshore structures. This paper identifies key design parameters (KDPs) for the design and scale-up of OWT support structures and analyses the potential impact that the implementation of engineering design decisions in these KDPs, will suppose structurally and economically.
2. Design provisions and parametric modelling of offshore wind turbine monopile structures
Key design parameters of OWT support structures
The KDPs of OWT support structures are identified through analysis of the relationships among its structural behaviour and economic parameters. Main input data to the model comprise parameters related to the environmental and site conditions, mainly related to the wind, wave and hydrodynamic loads. These will influence the wind turbine's geometry and material properties, which constitute the KDPs of the model. These KDPs can be modified for cost optimisation, or scale-up the OWT support structure which, combined with the scale-up of the OWT's rotor size, can be used to capture more wind. The effects of wind turbine size on the aerodynamic characteristics of a rotor blade were examined by [16] , using CFD simulation. KDPs directly affect the KPIs of the system such as LCOE (Levelised Cost of Electricity produced), capacity, availability, etc. For example, a minimum stiffness and thickness (KDPs) are necessary to meet structural integrity requirements, in order to operate at nominal capacity (KPI) [8, [17] [18] [19] .
Environmental conditions play an important role in the design of OWT support structures, and a detailed study needs to be conducted in order to assess wind speed ranges, turbulence level, main wind and wave directions and how the structure will behave under their different interactions. Mean water level also plays an important role as the hydrostatic pressure can contribute towards stabilising the structure but also can pose design complications when moving to deep waters.
Since foundations constitute the pillars that sustain the whole structure, site investigation is crucial. Soil layer composition, depth and material properties, such as their strength, together with the environmental conditions, will determine the necessary pile depth. Pile thickness will not only be influenced by the site conditions, but also by the environmental excitations that will strongly determine the dynamics of the structure.
Although for a given rotor and nacelle dimensions, the weight and thrust force (KDPs) cannot be optimised from a structural point of view, their efficiency (aerodynamics combined with pitch and yaw control mechanisms) will make an impact on the turbine's power production (KPI). Moreover, environmental conditions will also have an impact on this matter. Additionally, for optimised power production that accelerates the ROI, a minimum tower length needs to be reached. Tower length, diameter and thickness are connected to ensure that not only safety limits (Ultimate Limit State (ULS), Fatigue Limit State (FLS) and buckling) are maintained, but also that enough stiffness is achieved so that natural frequencies are within the safety limits (1P and 3P frequencies), ensuring no resonance occurs.
Furthermore, the TP is a crucial part that interconnects the tower and the MP. Its KDPs would be the diameter and thickness, which need to be compatible with those of the tower and foundation. Thus, the number, size and volume of stoppers, which are the contact point between the TP and the MP, will strongly depend on the load excitations. Moreover, these KDPs can also influence the modal frequencies of the structure and become a dangerous risk in the event of extreme loading, leading to the loss of one or more of these stoppers; therefore, the structural integrity of the unit will be strongly compromised. Lastly, the TP's length and the volume of the stoppers could be optimised in terms of stiffness, natural frequencies and mass. Mass reduction is an important aspect of WTs' design as it can strongly affect CAPEX and therefore the LCOE of a project. The soil-structure interaction constitutes an important aspect of OWT support structure design. Soil profile properties make an important impact on the foundation's KDPs, which will vary depending on the type of foundation employed. Diameter, thickness and length constitute the main KDPs of MP foundations. However, other KDPs, such as joints in jacket structures, flooded members and marine growth, among others, would have to be considered for other foundation types [20] .
Geometry
This study analyses how different variations of the geometry can contribute to the scalability and CAPEX reduction of OWT support structures. The reference site is located in the North of the UK. The reference turbine used for this analysis consists of a 3.6MW Siemens turbine, connected to an 80 m tower, a transition piece (TP) and is sustained by a monopile (MP) foundation. The MP is 31 m long and is embedded 18 m into the soil and submerged 11 m into the ocean. Fig. 1a shows a schematic of the OWT support structure 3D model. The TP (Fig. 1b) is 24 m in length and joins together the MP and the tower. Six stoppers located in the internal surface of the TP, would allow it to rest on top of the MP. The GC, located between the TP and the MP, is used for the appropriate transmission of loads and stresses. This assembly can be seen in Fig. 1c and d. The OWT support structure was modelled using Abaqus, which is a widely used FEA software. 
Soil profile
Apart from the OWT support structure, an important part of the detailed parametric model is composed by the soilstructure interaction, which is a design factor of critical importance for the structural response of the pile-monopiletower assembly. Paradoxically, the soil-structure interaction is an aspect often not considered in OWT support structures modelling [20] . The soil profile considered in this analysis consists of one layer of sand and three layers of clay. Composition of soil profiles strongly depends on the geographical emplacement; the soil profile utilised in this analysis corresponds to that of the North West of the UK. Table 1 shows the profile's soil parameters used in the simulations, which are based on site measurements. Winkler's approach was used to represent the soil profile. This method is widely used to model the soil-structure interaction by replacing the elastic soil medium with closely spaced and independent elastic springs [22, 23] . Furthermore, it is recommended by DNV-GL [8] , where the stiffness of the linear springs used in the Winkler's approach, is calculated from the p-y curves [24] . This method is used for the design of horizontal loaded piles by the American Petroleum Institute (API) code [17] , and calculates the lateral soil resistance (p) as a function of lateral soil displacement (y). This empirical method is based on test results of laterally loaded piles and depends on the pile diameter, soil strength and loading conditions, although other factors such as layered soils or the space between piles have considerable influence [25, 26] .where c 0 is the submerged unit weight, S u is the undrained shear strength, d is the characteristic interface friction angle, a is the characteristic angle of internal friction, E is the Young's modulus, e 50 is the strain which occurs at one-half of the maximum stress in the laboratory undrained compression test, t c is the unit skin friction under compression, t t is the unit skin friction under tension and q is the unit tip resistance under compression. Although this approach is widely used and recommended in design standards, it was developed for up to 2 m diameter piles [27] . Therefore, pile deformations might be underestimated [28] . Although a cyclic version of the p-y curve was introduced in [29] , it is neither cycle nor amplitude dependent, and provides only a lower bound on the soil-pile lateral stiffness. This shortcoming is overcome in [30] by the utilisation of the quasi-static p-y degradation model of [31] . Continuum modelling of the soil in an FE analysis constitutes a different approach, where the soil is modelled as a large volume. This approach is more accurate when dynamic studies are carried out; however, it also requires significantly more computational resources. Therefore, for the iterative process required for this paper, a more computationally intensive approach was considered beyond the scope of the aims set to this publication. Besides, as steel is an elastic material, the relationship between its stresses and deformations is linear, making Winkler's approach accurate enough for the purpose of this study.
Mesh sensitivity analysis
A mesh sensitivity analysis was performed in order keep a balance between the computational time of the simulations and the accuracy of the results. In the process, it was found that the structure's eigenfrequencies were especially sensitive to the size of the mesh. After the analysis, a mesh size of 0.1 m was found to be adequately accurate as results had already converged. This mesh size will therefore save unnecessary computational time in comparison to a further mesh refinement of 0.05 m.
Validation
This model has been validated by comparing the results of the modal analysis of both the structure and the tower, against data from the reference OWT. Among these data, it was specified that the eigenfrequencies of the system and the tower must be within the range of 0.275-0.320 Hz and around 0.506 Hz respectively. Results of the modal analysis can be seen in Table 2 , where it can be appreciated that the first eigenfrequency of the model is within this range that typically represents the 3P frequency of the rotor. Moreover, the eigenfrequency of the tower is 0.533 Hz, which represents a 5.3% of relative difference from the one suggested by the manufacturer. This difference is considered to be acceptable as internal platforms and secondary steel assets have not been included in the simulation.
Load calculations for offshore wind turbine support structures
The design's environmental conditions approach followed in this study, is based on the use of the highest extreme conditions likely to occur in a return period of 50 years [32, 33] for ULS and buckling limit states and normal operating conditions for the FLS limit state, which are introduced in Section 4. Wind, wave and current loads are manually calculated under this premise and then introduced in the FEA parametric model. Although many load cases need to be considered for the design, according to the above mentioned standards, the structure needs to be able to withstand the simultaneous combination of these three loads, acting in the same direction, which is considered the worst static load case scenario.
Wind
For representation of wind climate, a distinction is made between normal and extreme wind conditions. The former generally concern cyclic structural loading conditions, which are important for fatigue assessment, while the latter are wind conditions that can lead to extreme loads, which might lead to the collapse of the structure due to excessive loading. Accurate estimation of the occurrence of extreme wind speeds is an important factor in achieving an affordable level of risk and balance between safety considerations and ''over-design" of the structure [34] . Both normal and extreme wind conditions used in this analysis were calculated in accordance with IEC 61400-1 [32] , and are summarised in Table 3 .
Calculating wind loads along the structure can be done applying the following formula:
where z 0 is the roughness coefficient, which can be taken from [8] . Once the wind speed profile has been generated, the force in the horizontal direction affecting the tower, TP and nacelle, produced by the wind can be calculated as: 
where: C D = drag coefficient of a cylinder in the case of the tower and TP and a plate in the case of the nacelle. Blades are not taken into consideration in this study. A = area being pushed by the wind. a = inclination angle of the wind with the horizontal axis
Wave
Wave loading is another environmental load that influences the structural integrity of OWT support structures. Wave forces are calculated using Morrison's Equation, which is composed of two terms, representing the inertia and drag [35] . These terms can be identified by the inertia and drag coefficients (C m and C D respectively). Morrison's Equation can be expressed as: As explained at the beginning of this section, the design wave approach is based on the use of the highest wave likely to occur in a given return period (50 years in this case). Waves are characterised in terms of height (H) and wave period (T). These parameters are summarised in Table 4 and were estimated at the offshore emplacement where the turbine is installed in the North of the UK.where H s is the significant wave height, H max is the maximum wave height, T z is the zero up-crossing period and T peak is the peak-to peak-period.
In order to calculate the wave's velocity and acceleration, linear wave theory for shallow water was employed. Airy wave theory was developed by the mathematician and astronomer G.B. Airy in 1845. This wave theory is summarised in the Airy velocity potential formula: Uðx; y; tÞ ¼ Àac
where: a = amplitude (m) c = celerity (m/s) k = wave number d = depth x; y = horizontal and vertical coordinates w = wave frequency t = time After the fluid's velocity and acceleration are calculated, the wave loads can be calculated from Morrison's Equation. Mass and drag coefficients, C m and C D, are usually estimated according to the offshore standards [8] by firstly, deriving the drag coefficient for steady-state flow (C DS ) from Eq. (7), then reading off the wake amplification factor (w(K c /C DS )), which depends on the Keulegan-Carpenter number (K c ) and C DS and calculating C D and C m from Eqs. (10) and (11) 
Tidal and current induced loads
Tidal currents and wind driven currents are two environmental loads that even though they do not represent major hazards to the structure's integrity in shallow waters, they contribute to other major excitations such as those produced by the wind and waves. The tidal current profile can be represented as the current speed ðvðzÞÞ at distance z, from still water level (positive upwards), which is the exponential variation of the current at still water level v 0 through the distance to the top of the water column z.
where h is the water depth. The extreme tidal current takes place approximately at mean water level, with zero tidal current at high and low tide. Once the tidal current profile is calculated, it will be modelled as a constant over depth current. Wind driven currents are due to wind imposed shear forces on the water surface and are, therefore, likely to be oriented in the same direction as the wind. The wind driven current at the sea surface is estimated in accordance with IEC61400-3 [33] , as:
where U 1h;10min is the hourly mean at 10 m height.
Hydrostatic pressure
Hydrostatic pressure is referred to as the pressure of the water column applied to the submerged parts of the MP and TP. It can be calculated from a control volume analysis of an infinitesimally small cube of fluid and simplified, as density and gravity are constant through depth. Since the nacelle's and rotor's (composed of the hub and blades) detailed modelling is not part of the parametric model, they are included in the FEA as concentrated or distributed masses in order to be able to reproduce accurately the OWT's structural behaviour. According to [37] , there is no need to model the blades due to the fact that, aside from the mass added to the tower top, parked and feathered blades have minimal impact on the natural frequency of OWTs. The nacelle's and rotor's weights are 125 and 95 tons respectively, which makes a total of 220 tons that are accounted as a cylinder three metres high and with the same diameter as the top of the tower. The density was increased accordingly in order to account for the total weight. The nacelle's and rotor's weights were found in the official Siemens SWT-107 3.6 MW brochure [38] .
Limit states formulation
Structural integrity of the system is checked according to DNV-OS-J101 [8] , which is the most widely used standard in the design of OWTs. According to this standard, four limit states have to be considered in the design: ULS, FLS, Accidental Limit State (ALS) and Serviceability Limit State (SLS). The modifications in the design carried out in the design cases considered were checked upon ULS and FLS. ALS was not considered as this limit state is used for the assessment of structural damage in the structure, caused by accidental loads or to re-assess the ultimate resistance and structural integrity after damage. Similarly, SLS was not taken into account as it considers tolerance criteria applicable to normal use of the OWT support structures. Furthermore, the structural performance of the system was also checked upon buckling and natural frequencies.
ULS
ULS analysis is carried out considering extreme environmental conditions the worst case scenario for a 50 year return period. This is when wind, wave, tides and wind driven currents are aligned in the principal direction of the wind (SW). The load factor to be used when different loads are combined to form the design load is 1.35 [8] . This load factor is also applicable in operational loading; however, as an extreme loading case is being considered, the turbine cannot be operating due to safety reasons. Therefore, parked conditions apply.
In Section 3, extreme loads were calculated with a load factor of 1.35. From the combination of these loads, the utilisation factors are derived. Table 5 shows the Maximum Utilisation Rates (MUR) and therefore the Maximum Stresses Allowed (MSA) for the MP and the TP in the baseline case, which will be use to assess the loss or gain of the structural integrity of the different design cases considered. MUR and MSA are related by the following expression:
FLS
FLS refers to the cumulative damage in the structure due to cyclic loads. The fatigue design of OWT support structures is governed by dynamic responses from simultaneous aerodynamic and hydrodynamic loads [39] . The structure must be able to resist expected fatigue loads, which may occur during temporary and operational design conditions. The load factor in the FLS is 1.0 for all load categories [8] . Normal sea state conditions (significant wave height and peak spectral period) were used for the calculation of wave loading [33] . Wind loads were taken from [40] , where the fatigue thrust load for the tower of a 3.6 MW OWT with 100 m hub height are 143kN.
The two most commonly used fatigue assessment techniques are the stress life (S-N) approach and the fracture mechanics approach. The S-N curve approach is the one recommended by standards [8] and [33] . A review of the currently used S-N curves is provided in [41] . Furthermore, the equivalent stress range DS can be determined from the parametric FEA model subjected to the previously mentioned fatigue loads. Having obtained the equivalent stress range, the number of loading cycles to crack initiation, in Eq. (15), can then be determined from the S-N curve, expressed as: 
where A is the intercept, m is the slope of the S-N curve in the log-log plot. The selection of the S-N curve plays a massive role in the results obtained. These are generally classified in: air, seawater with adequate cathodic protection or free corrosion conditions, and are taken from DNV-RP-C203 ''Fatigue Strength Analyses of Offshore Steel Structures" [42] . Offshore structures are prone to corrosion development due to the harsh marine environment, which leads to significant levels of damage to the structures and hence a reduction in service life [43] . For that reason, curve D in seawater with adequate cathodic protection is used in service life calculations.
Buckling
Buckling is a failure mechanism, to which slender structures are prone. It is caused by a bifurcation of static equilibrium equations solution [44] . Buckling is characterised by the sudden failure of a structural member subjected to high compressive stress. During this phenomenon, the compressive stress at the point of failure is less than the ultimate compressive stress of the material. When the applied load is increased on a slender structure, such as a column, there is the possibility that it becomes large enough to cause the structure to lose its stability and buckle. Any further load will cause significant and somewhat unpredictable deformations, possibly leading to complete loss of the member's load-carrying capacity.
Eigenvalue linear buckling analysis is generally used to estimate the critical buckling load of the analysed structure. The buckling loads are calculated relative to the base state of the structure, which can include preloads (e.g., bolt preload). In an eigenvalue buckling problem we search for the loads for which the model stiffness matrix becomes singular, so that the problem has non-trivial solutions [45] . The buckling stability of shell structures is often checked according to DNV-RP-C202 [18] or Eurocode 3/ EN 1993-1-1 [46] and Eurocode 3/ EN 1993-1-6 [47] ; in this analysis Abaqus CAE is used to assess it.
Natural frequencies
Resonance is a phenomenon in which a vibrating system or external forces (in this case environmental and operational loads experienced by the OWT support structure) drive another system to oscillate with greater amplitude at a specific preferential frequency. These amplified oscillations produce higher than expected deformations, a rise in stress within different parts of the turbine, which will lead to crack initiation, and generally a decrease in the fatigue life of the structure. Furthermore, the fact that wave loading and the turbine's operating loads are cyclic loads, makes the design of these structures particularly difficult.
A classic aspect of good structural design lies in optimizing stiffness-to-mass ratio through material and shape choices. Natural frequencies' sensitivity analyses are carried out for the different case studies with the aim of detecting patterns of change in the characteristic natural frequencies of the structure that could potentially be employed for its scale-up or to monitor a particular failure mechanism.
Modal frequencies monitoring is a common structural health monitoring technique implemented in OWTs that identifies their modal frequencies whose deviations are a damage symptom [48] . This is carried out by the installation of accelerometers either in the nacelle of the turbine or along the tower and support structure. However, because the wind and wave loading applied to the structure cannot be measured accurately in a continuous manner, Operational Modal Analysis (OMA) needs to be employed. This technique allows identification of the resonance frequencies every 10 min without any human interaction [49] based on the assumption that the structure is subjected to unknown random loads [50, 51] 
Sensitivity analysis and results
In Section 2.1, a number of KDPs of OWT support structures were identified. In this section, three KDPs have been chosen based on their preliminary capacity of impacting on the design of OWT support structures in terms of scaling-up and CAPEX reduction. The cases considered in this study are: TP's and GC's length, effect of size and number of stoppers, and scour development.
Design Case A: TP's and GC's length
Case study A checks the sensitivity of the length of the TP and GC, which comprises from where the stoppers are assembled, to the bottom of the TP. The grout, not only enhances the correct transmission of loads and stresses from the TP to the MP, but also contributes to the accurate positioning of the two components. In the baseline turbine this length is 7.8 m. Variations of one and two metres have both been added and subtracted from this baseline length of 7.8 m to complete the analysis.
Depending on the variation in the natural frequencies of the OWT, once it has been scaled-up to a bigger turbine, modifications to its geometry can be applied to intentionally increase or decrease the turbine's natural frequency. Furthermore, savings or additions in material will make an economic impact on the CAPEX, as the cost of materials is an important driver [11] [12] [13] . To that aim, sensitivity analyses of natural frequencies, ULS, FLS and buckling checks have also been carried out. The benefit of these checks is not only to scale-up the turbine (ensuring the health of the structure), but also to potentially save a considerable amount of material and therefore money. Table 6 shows the variation in the first six natural frequencies. From this sensitivity analysis it can be appreciated that the variation of the first two natural frequencies, which are those that are dangerously close to the 1P and 3P rotor frequencies, is low. This suggests that reducing the TP's and GC's length will not necessarily enhance scalability, as natural frequencies change at a low rate. However, this brings up the possibility of saving materials and therefore reduce CAPEX. In order to be able to do that, ULS, FLS and buckling checks will have to support this reduction in length. Tables 7 and 8 present the results from the ULS and buckling checks, being the buckling frequency for a particular load combination, the inverse of the utilisation factor for the structure to buckle. Table 7 shows that no major changes in the MUR occur due to this length variation. Moreover, buckling frequency does not change due to this length reduction, although it has a slight tendency to decrease when the length of the TP is increased. These results show in the case of the TP length reduction (5.8 m and 6.8 m), that because of the decrease in the weight of material, an increase in the buckling frequency could be expected. The lack of variation in results suggests that this reduction must have been compensated by a loss of support produced by a reduction of the GC length. Table 9 The FLS check shows no rise in the effective stress range (DS), when the TP's and GC's lengths are reduced. This indicates that fatigue life will be maintained and therefore, as ULS and buckling checks also allowed it, almost 20 tons of material could be saved and therefore material costs will be reduced.
Design Case B: Effect of size and number of stoppers
Case study B evaluates the effect of adding or suppressing stoppers in the integrity of the structure and its natural frequencies. The six stoppers of the reference turbine were increased to eight and 12 and then decreased to four. The volume of steel utilised in the stoppers is continuous, therefore modification in the number of stoppers necessarily implies a variation in the stopper dimensions. This assumption implies that no cost in materials will be added or saved and the results will just impact on the integrity of the structure. Table 10 shows the stoppers' dimensions. As can be observed below, the dimensions of the stopper's base (B2) have been maintained in all cases. This is due to the fact that the relative position between the TP and the MP does not change throughout Design Case B.
From the frequencies' sensitivity analysis (Table 11) , the large variation that the number and distribution of stoppers produces in the natural frequencies can be observed. A dramatic drop in the natural frequencies occurs when just four stoppers are used, making the first two frequencies fall into the boundaries of resonance with the rotor frequencies. In the case of eight stoppers, a slight drop also occurs, although not as severe as for the four stoppers. This sensitivity analysis shows that the distribution of stoppers every 90 and 45 degrees produces a drop in natural frequencies, as opposed to 60 and 30 degrees distribution, as these frequencies are higher for a TP with six and 12 stoppers than for four and eight. From the buckling analysis (Table 12 ) it is clear that the four stopper distribution is not a safe alternative, due not only to its first two natural frequencies being very close to resonance, but also to the moderate reduction of the buckling frequency from 1.53 Hz to 1.12 Hz, which means that for the same amount of material being spent in the stoppers, the OWT support structure can take 1.12 times the extreme loads instead of 1.53 times. This will compromise the integrity of the structure. Furthermore, buckling would take place between the TP and MP, which is not the case in the six, eight and 12 stopper distributions. The eight stopper distribution slightly improves the buckling capacity, which is marginally reduced in the 12 stopper distribution. Nevertheless, this reduction is within reasonable limits that do not threaten the integrity of the structure.
Results of the ULS analysis are summarised in Table 13 . The four stopper distribution is again characterised by bad results, showing much higher MURs than the six stopper configuration, which are very close to the yielding point of the steel and therefore, not safe. The eight and 12 stopper configurations appear to considerably improve the MURs for both the MP and the TP.
In the fatigue check, the four stopper configuration presents similar results to the other structural checks performed, with an increase in DS of 42.5%, which makes a considerable reduction in service life. Other configurations results, shown in Table 14 , present a non-existent or very low rise (1.8%) in DS of the eight and 12 stopper configurations, in comparison to the six stopper's, respectively. 
Design Case C: scour development
Case study C assesses the effect that scour development has not only on the natural frequencies of the structure, but also on its integrity. Scour is one of the biggest issues currently being faced by operators. This phenomenon occurs around the foundations of structures when these are placed into a marine environment and exposed to water currents and tides. Due to the presence of the structure itself, different changes affect the natural flow regime at the sea bed around the foundation, which lead to increased sediment mobility [52] . Depending on the foundation type and the environmental conditions, scour depths of several metres around the OWT support structure could be observed even within short periods [53] .
Rambabu et al. [54] stated that the fluid flow, geometry of foundation and seabed conditions are the governing factors for seabed scouring. The characteristics of fluid flow include the current velocity, Reynolds number of the model and Froude number of the flow. Therefore, for different foundation types, different scouring patterns will develop [55] . The scour development around MP structures has been studied extensively for the foundation of OWT in the past few decades [56] .
This design case was selected in order to make a structural analysis of how the whole OWT support structure will be affected by scour development. This FEA model includes not only the tower of the OWT, which is the common focus of FEA modelling [57] [58] [59] [60] [61] ; but also the support structure and MP-soil interaction with multi-layered soil composed of layers of both clay and sand, which is not present in most of the studies, due to the difficulty of modelling sand layers [28, 62, 63] . However, this analysis does not take into account the process or the mechanism of the scour development, as it is considered beyond the scope of this study. Therefore, the structural analysis carried out in this publication assumes the scour has already developed. These analyses were carried out by recalculating the value of the springs' stiffness used to model the soil, assuming that the first one, two and three metres of soil had disappeared due to the scour process.
From previous research, a significant impact on the structure's integrity was anticipated because as scour develops, a lesser percentage of the MP is embedded in the soil, producing eigenfrequency reductions and therefore, leading to resonance. Table 15 corroborates this prediction; however, surprisingly, not for the first natural frequency. As can be observed, changes in the natural frequencies occur mainly in the second and fourth modes. Because the first and the second natural frequencies are very close to each other, the fact that there is significant variation in the second mode still poses a threat to the structure.
It seemed reasonable to believe that as scour develops, the MP's MUR would increase, due to the loss of support from the soil. However, results do not show significant changes in MURs (Table 16 ), which remain practically unaltered. Furthermore, the more the scour is developed, the lower buckling capacity the OWT support structure presents (Table 17) , which could become a threat to its integrity if the process continues, although the capacity remains within safety limits in this design case.
Furthermore, Table 18 shows how scour development increases the stress range, making the service life of the OWT support structure shorter. It is also worth bearing in mind that particular soil types with low cohesion will be more prone to scour development, which can be a quick phenomenon if it is not mitigated. Furthermore, given the moderate rate of change (7.7%, 11.2% and 23.6% in 1 m, 2 m and 3 m scour respectively) of the stress range that scour produces, special effort should be put either into frequent and costly inspections, or into scour mitigation and prevention measures. Additionally, it is recommended to take account of the scour development into the reliability assessment of OWT support structures, providing more accurate reliability assessment results for reliability-based inspection of OWT support structures.
Discussion
Case A was proved to be effective in materials cost reduction but not in modal frequencies control. The reduction in length of the TP and GC of the OWT support structure produced low variation in modal frequencies, which will be reduced within safety limits. Furthermore, as ULS, FLS and buckling are not compromised by these modifications, a lower safety factor could be employed in the future for TP and GC design, reducing their length. As a consequence, material costs could be reduced, as more than 20 tons of steel could be removed per turbine.
No material reduction is allowed in Case B due to the constant volume of steel employed in the stoppers. However, the interest in this case study remains in its potential to decrease the fatigue damage and to improve the buckling capacity and MUR of the OWT support structure just by changing the number (and therefore the dimensions) of the stoppers and their distribution. Within this case study, it was proved that the distribution of the stoppers plays an important role in the structural integrity of the unit. Besides the fact that the four stopper distribution was not structurally safe in terms of natural frequency, stability, buckling capacity and fatigue life, results show that eight stopper distribution produces a minor decrease in natural frequencies (between 0.1% and 1.5% depending on the mode), and a moderate and major decrease in the MP's and TP's MUR (9.6% and 86% respectively). Furthermore, the stress range remains almost equal to the baseline's. These results show that, although the eight stopper configuration fails in the enhancement of fatigue life, it has a very positive effect on the structure's behaviour against extreme loads.
Although the results for the 12 stopper distribution are generally good, (minor rise (between 0.1% and 0.4%) in natural frequencies, minor reduction in buckling capacity without safety repercussion and great improvement (15.7% and 86% respectively) in the MP's and TP's MURs, the cost of installation (welding to the TP) will inevitably be higher and take longer to be completed. Therefore, special consideration of this rise in costs and the benefits to the turbine's structural integrity, will have to be considered. Furthermore, FLS results present a slight increase in the stress range, which leads to a reduction in the service life from 33.1 years to 30.2 years.
Case C highlights the importance of scour monitoring and the impact that its development can have on the structure's integrity [64] . From the natural frequencies' sensitivity analysis it can be concluded that, although the first mode does not present variation due to scour, modes two and four could potentially be used to detect the development of this phenomenon. The behaviour of the structure against extreme loading is not compromised due to scour development, presenting a minimal increase in the MP's and TP's MURs. A remarkable reduction of 6.5% in the buckling capacity takes place when the scour reaches 3 m. Furthermore, given the moderately high rate of change (7.7%, 11.2% and 23.6% in 1 m, 2 m and 3 m scour respectively) of the stress range and therefore expected service life (from 33.1 to 22.7, 19.3 and 11.4 years, respectively) that scour produces, special effort should be put either into frequent and costly inspections, or into scour mitigation and prevention measures.
The design of scour protection should be integrated into the foundations' design [65] . In order to carry out an effective design, sediment properties, seabed's geotechnical composition, environmental conditions and turbine specifications, among others, have to be taken into account and must accurately predict the maximum scour that would occur in the absence of this protection [66] .
Conclusions
A good understanding of how geometrical modifications to the structure will affect its structural integrity and end of life is vital to adapt these structures to harsher environments further from shore [67] . To this end, a sensitivity analysis of three KDPs of OWT support structures was carried out, in order to analyse whether these KDPs could contribute to the turbine's scale-up by either modifying its modal properties, improving structural integrity, or saving in CAPEX. Three case studies were considered for this analysis: Case A: reduction of the TP's and GC's length, Case B: stoppers optimisation and Case C: scour development. The following conclusions can be drawn from the present study:
A reduction in the TP's and GC's length was proven to maintain the structure's integrity within safety limits. Therefore, although reducing the TP and GC's length will not necessarily enhance their scaling-up, due to the minimal change in natural frequencies, it will save almost 20 tons of steel per turbine. This measure will provide a considerable reduction in CAPEX, when applied to all the units within a WF. Increasing the number of stoppers while maintaining the volume of steel, was proven to have a positive impact on the structure's integrity for both the eight and the 12 stopper configurations. However, as cost of installation (welding the stoppers to the TP) will inevitably be higher and take longer to be completed, special consideration of the trade-off between this rise in costs and the benefits to the structural integrity, will have to be made. The eight stopper configuration may constitute a good compromise between the six and 12 stopper configurations without reducing the expected service life of the structure. Scour is one of the biggest issues currently being faced by operators, which was proven to compromise the buckling capacity and fatigue life of OWT support structures. Modes two and four showed special sensitivity to the development of this phenomenon. For that reason it is believed that Integrity Monitoring could become a good alternative to monitor them in order to detect and control this phenomenon. However, before the installation of the instrumentation, no overlapping between failure mechanisms, that would also affect modal properties, must be ensured in order to avoid misleading information about the threat and its extent at that particular time.
